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The performance of energetic materials is founded on a wide range of material 
and mixing parameters.  Resonant acoustic mixing (RAM) is advantageous as a 
scalable, contactless energetics mixing method; however, challenges remain in 
connecting process parameters to post-mix performance.  In this thesis, we analyzed 
the influence of the structural arrangement of pre-mixture ingredients (i.e., the pre-mix 
“meta-structure”) on post-mix properties.  We utilized an embedded additive 
manufacturing strategy for ingredient loading to realize two distinct pre-mix meta-
structures: (i) a consolidated (control) configuration, and (ii) a novel distributed 
arrangement.  Following identical RAM processing, post-mix products were sectioned 
and optically characterized using scanning electron microscopy and electron-dispersive 
electron dispersive spectroscopy, revealing significant reductions in void content 
corresponding to the distributed meta-structure designs.  Mechanical testing of post-
mix products revealed distributed meta-structure specimens elongated up to 147% 
 
 
more than consolidated specimens prior to fracture, suggesting a critical role for pre-
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Of late, RAM has emerged as a worthwhile approach to overcome the 
limitations of traditional methods that rely on hand mixing and/or impeller blades [1-
3].  For example, it is possible that the specific manner in which energetic formulation 
ingredients are loaded into the mix vessel could unintentionally disrupt the mixing 
efficacy, thereby negatively effecting post-mix performance.  A promising extension 
of this possibility, however, is that by elucidating the process-structure-performance 
(PSP) relationships underlying RAM, pre-mix meta-structures could be designed to 
work synergistically with RAM to ultimately improve binder-filler interactions, reduce 
material defects, increase batch-to-batch repeatability, tune initiation sensitivity, and/or 
enhance additional metrics of energetic performance. 
The use of RAM for energetics processing offers promising means to improve 
energetic material homogeneity, and, in turn, performance; however, the vast majority 
of experimental investigations of RAM in academia have stemmed more from 
pharmaceutical applications [4-8] than energetics processing [1, 9].  Nonetheless, 
several conclusions of studies in both areas have been consistent.  First, RAM leads to 
better mixing performance compared to conventional mixing approaches [1-3].  
Second, RAM provides a uniquely scalable technology for which experimental 
conditions in the lab are directly applicable to large-scale RAM capabilities [9, 10].  
Third, highly repeatable protocols for pre-mix ingredient loading and RAM 
processing—with minimal undesired variations associated with these steps—are 
critical to experimental investigations of RAM [11–14].  Research and engineering 
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challenges stem particularly from unintended disparities in the initial deposition of pre-
mix ingredients into the mix vessel (i.e., directly prior to RAM processing).  The ability 
to produce reliable mixed products is predicated on eliminating variations in structure 
and performance that are brought about by variations in the handling of pre-mix 
ingredients.  At present, mix ingredients are typically loaded in a bulk manner, which 
entails manually weighing distinct mix ingredients, and then depositing groupings of 
ingredients into the mix vessel through set routines [1, 9].  To produce consistent pre-
mix results, we utilized an embedded additive manufacturing technique in which the 
solid particles are placed in the container first and then discrete aliquots are placed in 
specific locations via a multi-material 3D printer.  Embedded additive manufacturing 
(i.e. embedded 3D printing) is a fast-growing method that allows the precision of 3D 
printing to be used for precise placement of multiple liquid agents in a container of 
solid particles [15-19] 
In this project, we experimentally investigated the potential connections 
between the relative arrangement of pre-mix formulation ingredients and post-RAM 
processing outcomes through a three-pronged approach: (i) developing a novel 
embedded additive manufacturing (or embedded three-dimensional (3D) printing) 
strategy for loading formulation ingredients of polymer-bonded explosive (PBX) 
simulants in vessels with distributed pre-mix meta-structures; (ii) optically 
characterizing the post-RAM material composition via scanning electron microscopy 
(SEM) and electron-dispersive X-ray spectroscopy (EDS) analysis; and (iii) 




2. MATERIALS AND METHODS 
2.1. CONVENTIONAL METHOD 
 The standard, or conventional, protocol used for pre-mix ingredient loading 
entails (Figure 1): (i) first depositing ∼40-60% of the solid surrogate simulant 
particles; (ii) loading the bulk liquids, including polymers, plasticizers, and wetting 
agents; (iii) depositing the remaining solid surrogate simulant particles; and then (iv) 
loading the curing agent.  It is important to note that the relative positioning of the 
curing agent and bulk liquids is motivated by the condition that these sets of ingredients 
remain independent from one another until RAM initiation, to prevent premature curing 
of the polymer prior to solids wetting.  This relative spatial arrangement of the solids, 
bulk liquids, and curing agent (Figure 1– right) can be classified as the pre-mix meta-
structure.   
 
Figure 1: Conceptual illustrations of the standard protocol used for the loading of 
discrete groupings of energetic surrogate formulation ingredients, including (blue) 
polymer, plasticizer, and wetting agent, and (green) curing agent, into a mix vessel in 
preparation for subsequent resonant acoustic mixing (RAM).  (a) Empty jar, (b) jar 
with half of the surrogate solid particles loaded, (c) bulk aliquot manually added, (d) 




2.2. PBX SIMULANT MATERIAL PREPARATION 
The bulk liquid components consisted of 14.8g hydroxy-terminated 
polybutadiene (HTPB) resin (Sigma-Aldrich, St. Louis, MO), 14.7g isodecyl 
pelargonate (IDP) plasticizer (Rocket Motor Components, Cedar City, UT), and 2.56g 
vegetable derived lecithin (Fisher Scientific, Fair Lawn, NJ) wetting agent, and was 
used in a 11.1:1 ratio to the curing agent, isophorone diisocyanate (IDPI) (Sigma-
Aldrich, St. Louis, MO), which made up 1.33g of the total meta-structure mass.  The 
bulk liquid mix was created by first combining lecithin and IDP then vortexing for two 
minutes followed by sonication for one hour.  HTPB was heated to 65℃ and 
subsequently added to the lecithin-IDP mixture and sonicated overnight.  The explosive 
particle simulate was comprised of 200g of granulated cane sugar (Domino Foods Inc, 
Yonkers, NY) that was processed to reduce its grain size.  The reduced sugar was then 
sifted through a 300 μm sieve (Advantech No. 50, Fisher Scientific, Hampton, NH) and 
a maximum post-sieve grain size of 300 μm was verified with optical imaging. 
2.3. EMBEDDED ADDITIVE MANUFACTURING STRATEGY 
In order to obtain batch-to-batch repeatability for the pre-mix meta-structure, 
we built a custom, dual-nozzle, multi-material 3D printer (MakerFarm) (Figure 2a) 
capable of discretely depositing bulk liquid aliquots comprising of HTPB-IDP-lecithin 
wetting agent, as well as curing agent aliquots of IPDI within a matrix of inert solid 
microparticles (i.e., size-filtered sugar).  Then, we loaded the HTPB-IDP-lecithin in 
one syringe (Figure 2b-right), the bulk agent, and the IPDI curing agent in a separate 




Figure 2: Modified open source 3D printer set-up utilized for embedded additive 
manufacturing of both the consolidated and distributed pre-mix meta-structures. (a) 3D 
printer with dual nozzle rotating print head capable of X, Y and Z axis control. (b) 
syringes utilized for controlling the extrusion of bulk (right) and curative (left). 
 
This pre-mix embedded additive manufacturing approach entails first loading 
all of the solid surrogate microparticles, and then utilizing a dual-nozzle rotational 
assembly to deliver bulk liquid aliquots comprising of HTPB-IDP-lecithin wetting 
agent using one nozzle, and IPDI curing agent aliquots through a different nozzle, for 
embedded deposition inside a matrix of solid inert microparticles (Figure 2).  It is 
important to note that both meta-structures included identical total volumes of solids, 
polymers, plasticizers, wetting agents, and curing agents.  However, the consolidated 
meta-structure deposits these volumes in a single aliquot for each bulk and curative, 
35.3ml and 1.3ml respectively, (Figure 3), whereas, the distributed meta-structure 
included these volumes dispersed among the numerous smaller aliquots, 2.52ml bulk 




Figure 3: Conceptual illustrations of a consolidated protocol for the embedded loading 
of discrete groupings of energetic surrogate formulation ingredients, including (blue) 
polymer, plasticizer, and wetting agent, and (green) curing agent, into a mix vessel in 
preparation for subsequent resonant acoustic mixing (RAM).  (a) jar filled with 




Figure 4: Conceptual illustrations of a distributed meta-structure multi-nozzle 
embedded additive manufacturing protocol for the loading of energetic formulation 
ingredients into the mix vessel in preparation for RAM processing.  This embedded 
additive manufacturing strategy allows for distinct aliquots of the (blue) bulk liquid 
(e.g., polymer, plasticizer, and wetting agent) and (green) curing agent to be precisely 
positioned with aliquot-specific control of volume to achieve distributed pre-mix meta-
structures. (a) jar with surrogate solids loaded, (b) extruding first bulk layer, (c) 
extruding first curative layer, (d) extruding final aliquot. 
 
Experimental results for loading of the bulk liquid and curing agent aliquots 
revealed an extruded volume accuracy of ±1.09% and ±2.25%, respectively.  Using G-
code, the custom-built 3D printer (Figure 5a – right), and the loaded materials, we 
utilized embedded 3D printing for each pre-mix meta-structure as desired.   
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2.4. RAM PROCESSING 
Following completion of the meta-structure embedded 3D printing process, we 
transferred the pre-mix to a LabRAM (Figure 5a–left) and secured the samples with 
the integrated vacuum chamber (Figure 5b, c).  Once secure, we initiated a mixing 
protocol (Figure 5d)—suggested by the LabRAM manufacturer (Resodyn Acoustic 
Mixers)—that was identical for both pre-mix meta-structures.  The RAM protocol 
consisted of the following: (1) 30 seconds at 30 G’s, (2) 1 minute at 80 G’s, (3) establish 
vacuum while at 10 G’s for 90 seconds, (4) 30 seconds at 30 G’s, (5) 30 seconds at 50 
G’s and 30 seconds at 80 G’s.  As shown in Figure 6c, following RAM processing, the 
pre-mix meta-structure will, theoretically, consist of a homogeneous mixture.  
 
Figure 5: RAM processing protocol.  (a) LabRAM and 3D Printer bench-top set-up.  
(b, c) Both the distributed (b) and consolidated (c) pre-mix meta-structures loaded into 
the LabRAM with integrated vacuum chamber prior to mixing initiation.  (d) RAM 





Figure 6: Conceptual illustration of RAM processing for distributed meta-structure: 
(a) completed print of distributed pre-mix meta-structure is secured in RAM, (b) 
distributed meta-structure experiences up to 80 G’s of acceleration during mixing 
process, (c) following RAM processing the meta-structure is uniformly mixed yielding, 
theoretically, a homogeneous structure. 
 
2.5. OPTICAL AND MECHANICAL CHARACTERIZATION 
After RAM processing, we evaluated post-mix outcomes both optically and 
mechanically.  For mechanical characterization, we loaded the post-mix into 3D printed 
dog bone molds (Figure 7), which were placed inside a fabricated container on a hot 
plate set to cure at 65 ℃ for one week to support full thermal curing.  We monitored 
the temperature of the dog bones using an infrared thermometer throughout the curing 
phase to ensure the temperature remained at 65±5 ℃.  Once the dog bone specimens 
corresponding to both meta-structures fully cured, we utilized an Instron 3345 testing 
system equipped with a pneumatic side action grip for thin polymer films to apply axial 




Figure 7: 3D printed dog bones utilized as molds to form the test specimen from the 
post-mix material for consolidated and distributed pre-mix meta-structures to allow for 
mechanical characterization. 
 
For optical characterization, we obtained core samples from the center of the 
post-mix product, which were sectioned corresponding to their relative location along 
the height of the mix (i.e., bottom, middle, and top).  This process resulted in two 
specimens per tier for the bottom, middle, and top—six specimens total per meta-
structure.  We then utilized a Tescan GAIA FIB/SEM, with SEM with EDS 
capabilities, to optically characterize the microstructure and material composition of 
the sectioned specimens using 15 scans for each image achieving a penetration depth 
of 2-3µm.  
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3. RESULTS AND DISCUSSION 
3.1. MANUFACTURING PROCESS 
Due to the wetting of the solids being a function of a variety of loading factors 
(e.g., the rate of fluid deposition, the time between each loading step and RAM 
initiation, etc.), the implementation of pre-mix loading via manual means can introduce 
undesired irregularities that are detrimental to mixing and limit batch-to-batch 
repeatability [2,3].  In addition, pre-mix meta-structures with relatively binary bulk 
distributions can negatively affect mixing efficacy, presenting critical barriers to 
particular applications that require mixing in vessels with large length/diameter (L/D) 
ratios or alternative complex geometries (e.g., mix-in-case) [20].  Consequently, novel 
techniques that minimize the overall process variability are critical to enabling 
systematic studies of the role of pre-mix meta-structure in RAM processing and post-
mix outcomes.  
To facilitate embedded 3D printing of each pre-mix meta-structure, we 
programmed G-code (similar to APPENDIX A: Example of G-Code and Figure 8) 
for the 3D printer, which dictates the X, Y, and Z-Axis placement of the deposition 
nozzle relative to the mix vessel as well as the material deposition dynamics.  The use 
of G-code allowed for finite control of print head location as well as, accurate control 
of the amount of agent being extruded in to the solid surrogate particles.  The speed of 
the step motor used to control the deposition of liquid agents (i.e. bulk and curative 
agents) was reduced to prevent any liquid agents from traveling up the side of the 
needle during the extrusion process.  A similar reduction in step motor speed was 
required during the retraction of the needle from the surrogate particles to prevent the 
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inadvertent movement of any liquid agents to ensure aliquots remained in their intended 
location. 
 
Figure 8: Sample of open source G-code utilized for control of the custom 3D printer 
X, Y, Z axis control as well as control of extrusion of syringe to deposition of bulk 
liquids including polymers, plasticizers, and wetting agents. 
 
The special controls for position, speed and deposition of material for the 3D 
printer were obtained by coding similar to that shown in Figure 8.  The code G1, will 
control the signal for step motors that position the print head, base platform or extrusion 
of liquid agents.  Following G1 will be a letter that corresponds to which step motor to 
operate.  For instance, X-12.056 initiates a command to the step motor for the X-plane 
and will operate until its final position is obtained (Figure 8).  The next part of the code 
will have a F designator followed by a numerical value that will dictate the rate at which 
the step motor operates, or printer repositions in this case.  The magnitude of the value 
following the F designator corresponds to the rate, the larger the value the faster the 
step motor will operate.  As discussed earlier the rate at which we operated the print 
head into and out of the solid surrogate materials compared to repositioning for the next 
extrusion were different, as well as the rate at which we extrude liquid agents and can 
be seen in the example shown in Figure 4.  The rate of F4000 is used for X and Y 
M117 B | L | First Layer 
M42 P57 S255 
G4 S2 
G1 X-12.056 Y-12.056 
G1 Z-43 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z43 F4000 
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positioning while the rate of F1000 is used for Z positioning, and the code F100 is used 
for the rate of liquid extrusion (Figure 8). 
We then developed a novel embedded additive manufacturing strategy for 
energetic surrogates to enable the strategic pre-placement of formulation ingredients 
prior to RAM processing in an effort to improve the precision of experimental studies 
connecting pre-mix meta-structure to post-mix outcomes.  This process can be designed 
to ensure that specific components of the pre-mix meta-structure (i.e., the curing agent 
and the polymer-plasticizer) are restricted from interacting until RAM initiation to 
promote solids wetting.  The 3D printer can be programmed to support the 
implementation of a wide variety of pre-mix meta-structures with respect to the specific 
placement of the curing agent and polymer-plasticizer volumes with respect to each 
other and the micro-particles.  In addition, the tasks of ingredient measurement and 
deposition are fully automated, thereby improving process metrics associated with 
time, labor, and batch-to-batch repeatability. 
To investigate the PSP relationships among embedded additive manufacturing-
enabled pre-mix meta-structures, RAM processing, and post-mix performance, we 
executed a multi-step process.  First, we created two highly distinct meta-structures to 
serve as fundamental examples for experimental testing: (i), a standard protocol-
inspired consolidated meta-structure, which included one curing agent aliquot of IPDI 
in the center and one bulk liquid aliquots comprising of HTPB-IDP-lecithin wetting 
agent closer to the top (Figure 3) and (ii) a distributed meta-structure, which included 
three rows of nine alternating aliquots (Figure 4– right).  The inversion of aliquot 
placement between the standard protocol and the consolidated pre-mix meta-structure 
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was done to prevent premature interaction of the HTPB-IDP-lecithin wetting agent with 
the IDPI curing agent that would occur due to the large volume of bulk aliquot that 
would be extruded into the center of the solid surrogate particles and travel up past the 
outside of the nozzle to settle on top of solid surrogate particles and interact with the 
curing agent prior to RAM processing.  By inverting the aliquot location, the much 
smaller IDPI curing agent aliquot is placed in the center and is able to absorb into the 
solid surrogate particles and the, much larger, HTPB-IDP-lecithin wetting agent aliquot 
is extruded near the top of the solid surrogate particles thereby, preventing premature 
interaction between the bulk and curing agents. 
An important performance metric for the pre-mix embedded additive 
manufacturing process is the ability for the 3D printer to accurately dispense liquid 
aliquots at target volumes.  In order to investigate this capability, we performed 
calibration experiments corresponding to both liquids (i.e., bulk liquid comprising of 
HTPB-IDP-lecithin wetting agent and IPDI curing agent).  Because our recipe required 
a 11.1:1 HTPB:IDPI agent ratio, we calibrated the distinct liquids at two different 
orders of magnitude.  The experimental results for the HTPB-IDP-lecithin liquid 
revealed an overall accuracy of ±1.09%.  There appeared to be some increased 
variability for programmed extruded volumes of 0.5 ml (Figure 9a).  The calibration 
results for the IPDI curing agent revealed a slightly reduced accuracy of ±2.25%, 
although this was likely due to the significantly smaller dispensed volumes (i.e., in the 




Figure 9: Experimental results for extruded volume calibration versus the E-value used 





Figure 10: Experimental results for the dual-nozzle approach for pre-mix meta-
structure embedded additive manufacturing.  Proof-of-concept demonstration of the 
deposition process for distinct liquid aliquots representing the (blue) bulk liquid and 
(green) curing agent within a glycerol matrix. 
 
To assess the dual-nozzle deposition capabilities of the 3D printer, we executed 
a proof-of-concept distributed pre-mix meta-structure embedded additive 
15 
 
manufacturing demonstration utilizing distinct dye-colored deionized water aliquots 
and a HTPB matrix for visualization purposes (Figure 10).  After observing the 
successful multi-material fluid delivery and placement, we utilized the custom 3D 
printer along with the experimentally obtained calibration curves (Figure 9) to conduct 
embedded 3D printing of both the consolidated pre-mix meta-structures (Figure 11) 
and the distributed pre-mix meta-structures (Figure 12) with HTPB-IDP-lecithin 
aliquots and IPDI aliquots delivered in a matrix of solid surrogate microparticles. 
 
Figure 11: Demonstration of dual-nozzle embedded additive manufacturing of 
consolidated pre-mix meta-structure: (a) Start print, (b) print curative layer, (c) print 





Figure 12: Demonstration of dual-nozzle embedded additive manufacturing of 
distributed pre-mix meta-structure: (a) Start print, (b) print first bulk layer, (c) dual 
print head rotates, (d) print first curative layer, (e) print second curative layer, (f) dual 
print head rotates, (g) print third bulk layer, (h) dual print head rotates, (i) print third 
curative layer, (j) print complete. 
 
Once the print process was completed, the pre-mix meta-structure were 
transferred to a LabRAM for mixing (Figure 13). The procedure utilized for mixing 
was that which was recommend from Resodyn and is graphically shown in Figure 13c. 
The conceptual mixing from use of the LabRAM can be seen in Figure 6 and should, 
theoretically, result in a near homogenous structure when complete.  Each pre-mix 
meta-structure was mixed following the same procedure in order to minimize 
processing differences so that any variations in homogeneity and PSP would be due to 




Figure 13: (a) Distributed meta-structure in RAM, (b) consolidated meta-structure in 
RAM, (c) mixing protocol implemented with LabRAM labeled with key mixing events, 
(d, e, f) distributed meta-structure when mixture becomes fully wetted, cohesive, and 
completed, respectively, (g, h, i) consolidated meta-structure when mixture becomes 
fully wetted, cohesive, and completed, respectively. 
 
 
3.2. OPTICAL CHARACTERIZATION 
Once RAM processing was completed the core of both, the consolidated and 
distributed, meta-structures were removed and segmented into six samples (Figure 14). 
This resulted in two samples from the top, middle, and bottom sections of both meta-
structures yielding twelve samples in total.  These samples were then set-up to cure as 
previously desctribed. 
 
Figure 14: Illustration of core sampling for SEM and EDS imaging: (a) post RAM 
processing meta-structure and coring tool, (b) coring tool inserted into center of meta-
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structure for sample, (c) coring tool removed from meta-structure, (d) sample removed 
from coring tool, (e) sample cut into six portions (2-top, 2-middle and 2-bottom). 
 
Following RAM processing (Figure 13) and the coring/sectioning process (Figure 
14), a Tescan GAIA FIB/SEM, with SEM with EDS capabilities, to optically 
characterize the microstructure and material composition of the sectioned specimens as 
previously described (Figure 16a-f).  The area selected for EDS analysis yielded the 
largest square area available to allow for a more cohesive result (Figure 15).  To 
evaluate the void content of the post-mix products, we utilized EDS analysis to obtain 
the elemental composition of the various specimens (Figure 16g-l). 
 
Figure 15: Process for selection of area to conduct EDS analysis in relation to location 
on SEM image. The area selected was the largest available square area to maximize 
area selection. 
 
We then employed the image processing software, ImageJ (NIH), to quantify 
the overall lightness/darkness content corresponding to each height tier and pre-mix 
meta-structure design.  We converted these results to a performance metric of Relative 





    𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑉𝑜𝑖𝑑 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑅𝑉𝐶) =
𝐷𝐶𝑖−𝐷𝐶𝑚𝑖𝑛
𝐷𝐶𝑚𝑎𝑥−𝐷𝐶𝑚𝑖𝑛
   (1) 
 
where 𝐷𝐶𝑖 is the darkness content of a single imaged sample, 𝐷𝐶𝑚𝑖𝑛 is the minimum 
observed darkness content for all of the imaged samples, and 𝐷𝐶𝑚𝑎𝑥 is the maximum 
observed darkness content for all of the imaged samples.  The experimental results 
revealed the specimens corresponding to the distributed pre-mix meta-structures 
consistently exhibited improved (i.e., lower) RVC magnitudes compared to their 
consolidated counterparts (Figure 16m).   
 
Figure 16: Optical characterization results for relative void content.  (a-f) SEM of post-
mix specimens at varying tiers corresponding to consolidated (a-c) and distributed (d-
f) pre-mix meta-structures.  Scale Bars = 1 mm.  (g-l) EDS analysis of post-mix 
specimens at varying tiers corresponding to consolidated (g-i) and distributed (j-l) pre-
mix meta-structures.  Scale Bars = 500 µm.  (m) Quantified results for RVC. 
 
For example, for specimens corresponding to the bottom tier, the average RVC 
significantly decreased from 88.2%±4.4% for the consolidated case to 78.6%±2.9% for 
the distributed case (p < 10-3).  This trend was most pronounced for the middle tier, for 
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which the average RVC decreased from 73.4%±3.8% to 26.7±14.7% for the 
consolidated and distributed meta-structure cases, respectively.  
To further evaluate the EDS data for void content the largest three void areas, 
of each sample, were measured using Photoshop and compared to each applicable 
height tier in order to determine any trends.  The largest three void areas (VA) were 
then summed together and divided by the total area of the that image to calculate the 
Average Void Area (AVA): 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑉𝑜𝑖𝑑 𝐴𝑟𝑒𝑎 (𝐴𝑉𝐴) =
∑ 𝑉𝐴𝑛𝑖=1
𝑇𝐴
  (2) 
where TA is the total area of the sample [21,22]. 
 
Figure 17: Optical characterization results for average void area.  (a-f) EDS analysis 
of post-mix specimens at varying tiers corresponding to consolidated (a-c) and 
distributed (d-f) pre-mix meta-structures.  Scale Bars = 500 µm.  (g) Quantified results 
for AVA. 
 
The experimental results followed closely to the analysis of RVC showing the 
specimens corresponding to the distributed pre-mix meta-structures consistently 
exhibited improved (i.e., lower) AVA magnitudes compared to the corresponding 
consolidated pre-mix meta-structure samples.  For specimens corresponding to the 
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middle tier, the AVA decreased from 3.33±2.87% for the consolidated meta-structure 
to 2.43±1.87% for the distributed meta-structure. The largest difference occurred in the 
top tier for which the AVA decreased from 7.45±5.1% to 4.78±4.1% for the 
consolidated and distributed meta-structures respectively. In combination, the results 
suggest that the structural arrangement of the pre-mix ingredients significantly effects 
the post-mix material composition and void content (Figure 16 and Figure 17).   
 
3.3. MECHANICAL CHARACTERIZATION 
To explore the potential influence of pre-mix meta-structure on the mechanical 
performance of post-mix products (a metric of mix homogeneity), we conducted tensile 




Figure 18: Mechanical characterization results.  (a, b) Sequential images of uniaxial 
tensile testing of post-mix dog bones corresponding to consolidated (a) and distributed 
(b) pre-mix meta-structures.  (c, d) Quantified results for percent elongation before 
fracture corresponding to consolidated (c) and distributed (d) pre-mix meta-structures 
for four specimens.  Inset images = dog bones after failure. 
 
Using and Instron 3345, we individually subjected four dog bone specimens 
corresponding to each pre-mix meta-structure design (n = 8 total specimens) to a strain 
rate of 5 mm/min at 20 ̊ C until failure (Figure 18a-b).  Quantified experimental results 
revealed significantly larger percent elongation for the distributed meta-structure cases 
compared to the consolidated specimens (Figure 18c-d).  For example, the largest 
observed percent elongation prior to failure for the consolidated case was 
4.68%±0.17%, a dramatic reduction from the largest elongation for the distributed 
meta-structure case of 9.27%±0.11%.  Mechanical testing of post-mix products 
revealed that the distributed meta-structure specimens elongated up to 147% more than 
the consolidated specimens prior to fracture.  Consistent with the optical 
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characterization results, the disparities in mechanical behavior associated with the two 
pre-mix meta-structure designs also suggests a significant role for pre-mix ingredient 




The objective of this project was to advance the current scientific understanding 
of the PSP relationships underlying RAM, particularly with respect to the influence of 
the relative structural arrangement of pre-mix ingredients on post-mix outcomes.  We 
developed and implemented a novel embedded additive manufacturing strategy for the 
controlled deposition and placement of distinct pre-mix ingredients.  Experiments 
conducted with energetic surrogates revealed that pre-mix meta-structure serves as a 
critical determinant of post-mix properties and performance—a result not previously 
reported anywhere in literature.  In particular, the optical characterization of post-mix 
specimens revealed that microstructural defect formation appeared to be a function of 
the pre-mix meta-structure, with the specially distributed pre-mix meta-structure 
leading to dramatic reductions in the void content (Figure 16) and AVA (Figure 17).  
Similarly, post-mix specimens for the distributed pre-mix meta-structure case exhibited 
significantly improved elongation behavior prior to failure during tensile testing 
(Figure 18).  The dramatic differences in post-mix outcomes suggest that further study 
of additional pre-mix meta-structures is warranted.  Correspondingly, by extending the 
additive manufacturing-based approaches in this project, it may be possible to tailor 
pre-mix meta-structure designs for targeted applications, providing promising new 





5. FUTURE WORK 
An important next step for this work is to investigate alternative additive 
manufacturing approaches to the process illustrated in Figure 4.  Specifically, one of 
the potential issues associated with the embedded printing concept is that the act of 
plunging the needle into the solids, which is required for each deposition step, may 
introduce undesired shock to the solids.  Although this issue is not a concern for this 
project in which tests of pre-mix meta-structure versus post-mix performance were 
conducted using inert materials, it would be non-ideal for future uses of this work for 
RAM processing of non-surrogate energetics.  As such, we propose a full 3D printing 
approach, which would involve additively manufacturing, not only the HTPB-IDP-
lecithin wetting agent and IDPI curing agents, but also the solid surrogate particles. 
 
Figure 19: Conceptual illustration of possible future distributed meta-structures.  The 
goal being to achieve the same uniformity, that was noted in the middle sections, 
throughout the meta-structure.  (a) distributed meta-structure tested in this experiment, 
(b) possible future distributed meta-structure with larger bulk liquid aliquots 
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comprising of HTPB-IDP-lecithin wetting agent, as well as larger curing agent aliquots 
of IPDI in top section compared to lower section, (c) possible future distributed meta-
structure with larger bulk liquid aliquots comprising of HTPB-IDP-lecithin wetting 
agent, as well as larger curing agent aliquots of IPDI in bottom section compared to top 
section, (d) possible future distributed meta-structure showing a L/D ration greater than 
one while maintaining consistent bulk liquid aliquots comprising of HTPB-IDP-
lecithin wetting agent, as well as consistent curing agent aliquots of IPDI in all layers. 
 
The results of this project revealed significant benefits to implementing the 
distributed pre-mix meta-structure for influence post-mix outcomes; however, only a 
single distributed meta-structure was investigated.  In Figure 16, for instance, the 
results revealed significant disparities in defect content along the height of the post-
mix product for the distributed meta-structure case.  Such anomalies suggest that 
further study of additional pre-mix meta-structure designs is warranted.  Of the many 
options to design a pre-mix meta-structure, Figure 19b and c show two options.  Both 
options adjust the local volume of the bulk and curative that is distributed throughout 
the pre-mix meta-structure while maintaining the total volume in the meta-structure 
constant.  These pre-mix meta-structures are aimed at reducing the RVC (Figure 16) 
and the AVA (Figure 17) which were both noted to be larger in the top sections of the 
meta-structure. 
Lastly, the mix vessel used in this study was cylindrical with an L/D ratio close 
to 1.  Given the mixing challenges associated with large L/D vessels, there is the 
possibility that extensions of the presented pre-mix meta-structure (Figure 19d) 
additive manufacturing could enhance mixing in such containers as well as more 
complex geometries to support mix-in-case capabilities.  As there is no prior work in 
either of these areas, there is considerable potential that research centering on such 
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activities could provide new overmatch capabilities stemming from advances in 




APPENDIX A: EXAMPLE OF G-CODE 
M118 10:1 | 1.5X | OLD  






M42 P57 S0 
G4 S2 
M280 P0 S0 
G4 S2 
M42 P57 S255 
G28 X0 Y0 
G28 Z0 
G1 Z50 F4000 




M117 Bulk First Layer 
T0 
M42 P57 S0 
G4 S2 
M280 P0 S97 
G4 S2 
M42 P57 S255 
G91 
 
M0 Start Bulk Layer 1? 
  
M117 M | M | First Layer  
M42 P57 S255 
G4 S2 
G1 Z-43 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z43 F4000 
 
M117 B | L | First Layer 
M42 P57 S255 
G4 S2 
G1 X-12.056 Y-12.056 
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G1 Z-43 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z43 F4000 
 
M117 B | R | First Layer 
M42 P57 S255 
G4 S2 
G1 X24.112 
G1 Z-43 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z43 F4000 
 
M117 T | R | First Layer 
M42 P57 S255 
G4 S2 
G1 Y24.112 
G1 Z-43 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z43 F4000 
 
M117 T | L | First Layer 
M42 P57 S255 
G4 S2 
G1 X-24.112 
G1 Z-43 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z43 F4000 
G90 
G1 Z50 
G1 X131 Y96.6 F4000 
 
 
M117 Curative First Layer 





M42 P57 S0 
G4 S2 
M280 P0 S175 
G4 S2 
M42 P57 S255 
G91 
M0 Start Cure Layer 1? 
 
M117 B | M | First Layer 
M42 P57 S255 
G4 S2 
G1 Y-17.05 
G1 Z-43 F100 
G1 E13.93 E1000 
G4 S30 
G1 Z43 F4000 
G1 Y17.05 
 
M117 M | R | First Layer  
M42 P57 S255 
G4 S2 
G1 X17.05 
G1 Z-43 F100 
G1 E13.93 E1000 
G4 S30 
G1 Z43 F4000 
G1 X-17.05 
 
M117 T | M | First Layer 
M42 P57 S255 
G4 S2 
G1 Y17.05 
G1 Z-43 F100 
G1 E13.93 E1000 
G4 S30 
G1 Z43 F4000 
G1 Y-17.05 
 
M117 M | L | First Layer 
M42 P57 S255 
G4 S2 
G1 X-17.05  
G1 Z-43 F100 




G1 Z43 F4000 
G1 X17.05  
G90 
G1 Z50 
G1 X131 Y96.6 F4000 
 
 
M117 Curative Second Layer 
T1 
G4 S2 
M42 P57 S0 
G4 S2 
M280 P0 S175 
G4 S2 
M42 P57 S255 
G91 
 
M0 Start Cure Layer 2? 
 
M117 M | M | Second Layer  
M42 P57 S255 
G4 S2 
G1 Z-34 F100 
G1 E13.93 E1000 
G4 S30 
G1 Z34 F4000 
 
M117 B | L | Second Layer 
M42 P57 S255 
G4 S2 
G1 X-12.056 Y-12.056 
G1 Z-34 F100 
G1 E13.93 E1000 
G4 S30 
G1 Z34 F4000 
 
M117 B | R | Second Layer 
M42 P57 S255 
G4 S2 
G1 X24.112 
G1 Z-34 F100 
G1 E13.93 E1000 
G4 S30 




M117 T | R | Second Layer 
M42 P57 S255 
G4 S2 
G1 Y24.112 
G1 Z-34 F100  
G1 E13.93 E1000 
G4 S30 
G1 Z34 F4000 
 
M117 T | L | Second Layer 
M42 P57 S255 
G4 S2 
G1 X-24.112 
G1 Z-34 F100 
G1 E13.93 E1000 
G4 S30 
G1 Z34 F4000 
G90 
G1 Z50 




M117 Bulk Second Layer 
M42 P57 S255 
G4 S2 
T0 
M42 P57 S0 
G4 S2 
M280 P0 S97 
G4 S2 
M42 P57 S255 
G91 
 
M0 Start Bulk Layer 2? 
 
 
M117 B | M | Second Layer 
M42 P57 S255 
G4 S2 
G1 Y-17.05 
G1 Z-34 F100 
G1 E134.34 F1000 
G4 S15 




G1 Z34 F4000 
G1 Y17.05 
 
M117 M | R | Second Layer  
M42 P57 S255 
G4 S2 
G1 X17.05 
G1 Z-34 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z34 F4000 
G1 X-17.05 
 
M117 T | M | Second Layer 
M42 P57 S255 
G4 S2 
G1 Y17.05 
G1 Z-34 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z34 F4000 
G1 Y-17.05 
 
M117 M | L |Second Layer 
M42 P57 S255 
G4 S2 
G1 X-17.05 
G1 Z-34 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z34 F4000 











M0 Start Bulk Layer 3? 
 





M117 M | M | Third Layer  
M42 P57 S255 
G4 S5 
G1 Z-25 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z25 F4000 
 
M117 B | L | Third Layer 
M42 P57 S255 
G4 S5 
G1 X-12.056 Y-12.056 
G1 Z-25 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z25 F4000 
 
M117 B | R | Third Layer 
M42 P57 S255 
G4 S5 
G1 X24.112 
G1 Z-25 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z25 F4000 
 
M117 T | R | Third Layer 
M42 P57 S255 
G4 S5 
G1 Y24.112 
G1 Z-25 F100 




G1 E134.34 F1000 
G4 S15 
G1 Z25 F4000 
 
M117 T | L | Third Layer 
M42 P57 S255 
G4 S5 
G1 X-24.112 
G1 Z-25 F100 
G1 E134.34 F1000 
G4 S15 
G1 E134.34 F1000 
G4 S15 
G1 Z25 F4000 
G90 
G1 Z50 
G1 X131 Y96.6 F4000 
 
 
M0 Start Cure Layer 3? 
 
M117 Curative Third Layer 
M42 P57 255 
G4 S5 
T1 
M42 P57 S0 
G4 S5 
M280 P0 S175 
G4 S5 
M42 P57 S255 
G91 
 
M117 B | M | Third Layer 
M42 P57 S255 
G4 S5 
G1 Y-17.05 
G1 Z-25 F100 
G1 E13.93 E1000 
G4 S30 
G1 Z25 F4000 
G1 Y17.05 
 
M117 M | R | Third Layer  





G1 Z-25 F100 
G1 E13.93 E1000 
G4 S30 
G1 Z25 F4000 
G1 X-17.05 
 
M117 T | M | Third Layer 
M42 P57 S255 
G4 S5 
G1 Y17.05 
G1 Z-25 F100 
G1 E13.93 E1000 
G4 S30 
G1 Z25 F4000 
G1 Y-17.05 
 
M117 M | L | Third Layer 
M42 P57 S255 
G4 S5 
G1 X-17.05  
G1 Z-25 F100 
G1 E13.93 E1000 
G4 S30 
G1 Z25 F4000 




G1 X131 Y96.6 F4000 





APPENDIX B: SEM AND EDS IMAGES 
 
Figure 20: Distributed pre-mix meta-structure SEM images of sections following 





Figure 21: Consolidated pre-mix meta-structure SEM images of sections following 




Figure 22: EDS images showing the largest three areas selected in the first sample for 






Figure 23: EDS images showing the largest three areas selected in the second sample 




Figure 24: EDS images showing the largest three areas selected in the first sample for 




Figure 25: EDS images showing the largest three areas selected in the second sample 






Figure 26: EDS images showing the largest three areas selected in the first sample for 




Figure 27: EDS images showing the largest three areas selected in the second sample 




Figure 28: EDS images showing the largest three areas selected in the first sample for 






Figure 29: EDS images showing the largest three areas selected in the second sample 




Figure 30: EDS images showing the largest three areas selected in the first sample for 




Figure 31: EDS images showing the largest three areas selected in the second sample 






Figure 32: EDS images showing the largest three areas selected in the first sample for 




Figure 33: EDS images showing the largest three areas selected in the second sample 




APPENDIX C: DATA FROM EDS AREA ANALYSIS 
Table 1: Computed average data correlating to average void area for the three largest 
voids measured after EDS imaging. 
Average Void Area (%) SD 
  Consolidated Distributed Consolidated Distributed 
Bottom 5.40% 3.82% 1.61% 1.90% 
Middle 3.33% 2.43% 2.63% 1.70% 
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